The gene for the putative transporter for glucose and galactose from Bnrcella abortus strain 2308 was isolated by functional complementation of Escherichia C d i strains lacking either glucose or galactose transport systems. The same two plasmid clones were isolated from each screen. These clones restored glucose and galactose transport to the respective E. coli strains. The sequence of the 1806 bp overlap between these two plasmids was determined. A 1242 bp ORF whose disruption eliminated complementation of both E. coli strains showed 36% identity with the E. coli fucP gene encoding a fucose transporter.
INTRODUCTION
Brucella abortus is a facultative intracellular pathogen capable of surviving and growing in macrophages and other professional phagocytes. It has been reported to grow on or oxidize many sugars, including glucose, galactose and fructose (McCullough & Beal, 1951) . Studies (Robertson & McCullough, 1968a,b) indicated that glucose was metabolized by the hexose monophosphate shunt, then the tricarboxylic acid cycle. Presumably, related sugars, such as galactose and fructose, are converted to intermediates in the glucose pathway for further metabolism. An obligate aerobe such as B. abortus is expected to transport glucose and other sugars by some system other than the phosphotransferase system. This was demonstrated by Rest & Robertson (1974) The GenBank accession number for the sequence reported in this paper is U43785. escape from the phagosome. Thus, bacteria must be able to obtain nutrients through the phagosome membrane.
We set out to isolate the gene for the glucose transporter in the hope that characterization of its transport properties might shed some light on how Brucella cells obtain nutrients in macrophages. In the course of characterizing this gene, we have determined that the same transporter can carry both glucose and galactose.
We have also identified the Brucella hisG gene.
METHODS
Bacterial strains and plasmids. Virulent B. abortus strain 2308 was obtained from the Oklahoma Animal Disease Diagnostic Laboratory. Escherichia coli strains are listed in Table 1 . Growth media and general procedures. E. coli strains were routinely grown on Luria Broth (LB) (Luria & Burrous, 1957) . E. coli cells were transformed by a method involving polyethylene glycol (Chung et al., 1989) unless very high efficiency was required, in which case the method of Hanahan (1983) was used. Restriction endonucleases were used under the conditions suggested by their manufacturers. Utilization of glucose and galactose was determined using MacConkey agar or eosin-methylene blue agar (Difco) with the desired carbohydrate at 50 mM. Growth on minimal medium was evaluated on medium A (Miller, 1972) with carbon sources at 10 mM and other supplements added as necessary. Ampicillin was used at 50 pg ml-'. B. abortus strains were grown on tryptose agar (Difco) at 37 "C in 5 ' point agarose and extracted using diatomaceous earth (Carter & Milton, 1993) . The inserts in plasmids pRE183 and 184 were progressively shortened from the Sac1 end using exonuclease I11 and mung bean nuclease (Heinrich, 1988) . Plasmids were extracted from individual transformants and digested with BglI to determine the extent of the deletion.
Construction of the 6. abortus strain 2308 library. A fully representative B. abortus genomic library was constructed in the vector A ZAP I1 (Stratagene) with fragments of 5-8 kb produced by a partial Sau3A digestion of the chromosomal DNA of the virulent B. abortus strain 2308 inserted into the XhoI site of the vector, following the protocols of the manufacturer. The library consisted of 7750 plaques, of which 3% had no insert. The 7517 clones is about three times the 2400 necessary for a 99 ' / o probability for any B . abortus gene to be represented in a recombinant phage (Clark & Carbon, 1979) , using the B. abortus genome size of 2600 kb (AllardetServent et al., 1988) . The library was amplified in E . coli strain XL1-Blue as A ZAP I1 plaques (Bullock et al., 1987) . Several multiples of the library were produced as the single-stranded pBluescript phagemid packaged as a filamentous phage particle by co-infecting XL1-Blue cells with the A ZAP I1 phage library and the helper phage R408. Greater multiples of the single-stranded library were converted to the plasmid vector pBluescript, which is designated as pSK-by Stratagene.
Transport assays. Transport was assayed in washed cell suspensions at room temperature after growth in LB to late exponential phase. Cells were washed twice in medium A and resuspended in 0.5 vols medium A. Glucose transport was assessed using 2-[G-3H]deoxyglucose (specific activity 1 MBq pmol-l ; ICN). Galactose transport was assessed using [U-14C]galactose (specific activity 0.37 MBq pmol-l ; ICN). Reactions were started by adding radioactive substrate to the cell suspension to 0.5 mM. Samples were removed and filtered through 0.45 pm membrane filters (Gelman) at various times thereafter. Filters were washed with 2 ml medium A, then the cells lysed with 0 2 ml 1 YO SDS. Released radioactivity was counted in 5 ml Instagel (Packard Instrument Co.). The density of the cell suspension was determined by OD,,, in a 1 cm cuvette in a Gilford model 240 spectrophotometer. This value was converted to dry weight using the relationship OD,,, of 1 equals 0.68 mg dry wt ml-' (Kay & Kornberg, 1971) . Rates of transport were taken as the gradient of the best fit straight line through the data points.
Nucleic acid hybridization.
Restriction enzyme digests of plasmids were electrophoresed on agarose gels, then transferred to nitrocellulose (BASS, Schleicher & Schuell) by capillary transfer (Southern, 1975) . Conditions for hybridization were as suggested by the manufacturer of the nitrocellulose (Schleicher & Schuell, 1987) . The probe was isolated from low-melting-point agarose using diatomaceous earth (Carter & Milton, 1993) after digestion and electrophoresis to separate the insert from the vector. The probe was labelled with biotin using the random priming method with half the dTTP replaced with bio-11-dUTP (Sigma). Hybridization was in 50 ' / o (v/v) formamide, 6 x SSPE (1 x SSPE is 0.18 M NaC1,O-Ol M NaPO,, pH 7-7,1 mM EDTA) at 42 "C, with a final wash in 0-16 x SSPE at 65 "C. Hybridizing bands were visualized with the BluGene kit (BRL).
Nucleotide sequencing. Plasmids to be sequenced were transformed into XL1-Blue, then purified using a Magic or Wizard kit (Promega). Sequences were determined either by the dideoxy nucleotide chain-termination method (Sanger et al., 1977) using Sequenase version 2.0 (USB) or by cycle sequencing by the Oklahoma State University (OSU) Recombinant DNA/Protein Resource Facility. Sequenase reactions were electrophoresed on a 60 cm gel in a Base Runner (IBI) using 5 % Long Ranger (AT Biochem) gels. Cycle sequences were read in an ABI Model 373A Sequencer. Gaps remaining in the sequence were filled in using primers designed from the known sequence and synthesized by the OSU Recombinant DNA/Protein Resource Facility.
Sequences were assembled using the GCG programs (Devereux et al., 1984) . ORFs were found using MacVector (IBI) and Ecoparse (Krogh et al., 1994) . The GenBank, PDB, SWISS-PROT and PIR databases were searched using BLAST (Altschul et al., 1990) at NCBI or FASTA (Pearson & Lipman, 1988 ) through the GCG package. Sequences were aligned using the PILEUP program in the GCG package. Significance scores for these alignments were calculated with the program MalSig (Melcher, 1993) , using the PAM256 matrix (Dayhoff et al., 1983) and 30 scrambled sequences. The multiple alignment from PILEUP was refined using the CLUSTAL w program.
Phylogeny was calculated by the PHYLIP package (Felsenstein, 1989 ) using distances and the FITCH algorithm.
RESULTS

Cloning the gene for the glucose transporter
E. coli strain RE707 is unable to transport and grow on glucose as sole carbon source because it is deleted for several enzymes of the phosphotransferase system and is defective in the galP system which can also transport glucose if induced or constitutively mutated. A B. abortus 2308 plasmid library was transformed into strain RE707 and plated on several different indicator media containing glucose and on glucose minimal medium. Each medium produced about an equal fraction of colonies (about 1 in 1000 transformants) that appeared different from the vector control (or grew, in the case of minimal medium). Several of these were picked and further tested on other indicator media, and also on mannitol MacConkey medium to see if the phosphotransferase system deficiency was complemented. No mannitol-utilizing strains were found. Strains positive for glucose on any of the media were also positive on the other media. The colour of these strains on the indicator media was definitely different from that of the vector-only strains, but much less intense than that of the wild-type strain. When plasmids were extracted from several positive strains and used to re-transform strain RE707, some, but not all, were found to complement in the second round. Plasmids were extracted from strains that showed complementation in the second round and digested with BglI. Most showed the same pattern of fragments : a representative, pRE168, was chosen. One, whose phenotype appeared somewhat less positive, had a different pattern and was designated pRE169. RE707 transformants carrying pRE168 showed a significantly higher rate of 2-deoxyglucose transport than those carrying the vector alone (Fig. 1) . The rate for pRE169 transformants was less than for pRE168 transformants but greater than that with vector alone, though not significantly greater. The lower set of lines shows the extent of the DNA contained in the original plasmids, exonuclease Ill-generated deletions of them and the clones of the overlap region. For the subclones, the ability to (+) or not to (-) complement glucose or galactose transport is indicated.
Cloning the gene for the galactose transporter E. coli strain RE777 is mutated in all three transport systems (lacy, rnglP, gall") that can transport galactose and so is unable to utilize or grow on galactose. The galactose transporter gene from B. abortus was isolated in a manner similar to that used for the glucose transporter, using complementation of RE777. Recombinant clones that were positive on galactose MacConkey medium were also positive on galactose minimal medium and vice versa. The red colour on MacConkey medium or growth on minimal medium in this case was about the same as for wild-type E. coli.
Plasmids that gave a galactose-positive phenotype on retransforming RE777 were digested with BglI, and again fell into two types, designated pRE183 and pRE184. Galactose transport by RE777 carrying pRE184 showed Fig. 4 . Nucleotide sequence of the insert of pRE259. This sequence is in the same orientation as Fig. 3 . The predicted amino acid sequence (N-C) of the glucose transporter is shown under the nucleotide sequence followed by a portion of the HisG protein (C-N). A possible stem-loop structure is underlined.
a significantly higher rate than RE777 with vector alone (Fig. 2) . The rate for pRE183 transformants was higher than for RE777 with vector alone, but again, not significantly higher.
Identity of the glucose and galactose transporter clones
pRE168,169, 183 and 184 were mapped with restriction enzymes (Fig. 3) . pRE168 and 184 were apparently identical, as were pRE169 and 183. The inserts from the galactose clones pRE183 and 184 were isolated and labelled with biotin and used to probe BglI and RsaI digests of the glucose-complementing clones pRE168 and 169. pRE183 and 169 hybridized completely, as did pRE184 and 168. pRE183 also hybridized with some, but not all, bands of pRE168 as did pRE184 with pRE169. Subclones complementing glucose transport also complemented galactose transport and vice versa.
Location of the transporter gene
On the basis of restriction mapping, it was difficult to determine the overlap of the two kinds of plasmids, since few restriction sites or fragments were common to both. Initial re-cloning experiments and crosshybridization demonstrated that the overlap was over about a third of each insert. The single RsaI site in the insert of pRE184 and two BglI sites (giving a 1 kb fragment) are in this area (Fig. 3) . Plasmid pRE2.59, formed using fragments from pRE183 and 184 from the RsaI site to the end of the insert in the shortest direction 
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GlUP 'I' indicates identity, ':' indicates a score of ~0 . 5 and '.' indicates a score of ~0 . 1 , using a normalized PAM256 scoring matrix. Underlined segments are potential transmembrane helices, found with the TMAP program (Persson & Argos, 1994) using an alignment of several sugar transporters.
and thus containing only the overlap between the two, complemented both RE707 and 777 as well as either pRE183 or 184 as detected by colour on MacConkey medium. Either of the fragments alone (pRE260 and 261) failed to complement as did all the exonuclease IIIgenerated deletions (Fig. 3) .
Nucleotide sequence of transporter region
The nucleotide sequence of the 1806 bp B. abortus DNA insert of subclone pRE259 was determined (Fig. 4) . It has a major ORF from bp 316 to 1551, encoding a protein of 44122 Da with a PI of 687. This protein is 58 % similar (36 % identical) to the fucose transporter of E. coli (Fig. 5) . It shows several hydrophobic, potentially membrane-spanning regions typical of transporters (Fig.  6 ). Other proteins with significant similarity to this protein are a glucose transporter from trypanosomes and a vesicular acetylcholine transporter from mammals. There is no obvious promoter region, though the gene for this protein is probably expressed from its own promoter, since the original plasmids had inserts in 
Similarity to other members of the major facilitator superfamily
Both the Brucella glucose/galactose transporter and the E. coli fucP transporter show the 12 transmembrane segments typical of members of the major facilitator superfamily (MFS) (Griffith et al., 1992; Marger & Saier, 1993) , though one of the segments is not as prominent a hydrophobic feature as in some transporters. The sequences were aligned with each other and with representatives of the five MFS families and the significance of the alignments calculated (Table 2 ). All comparisons with the other families, except two, show scores of 6 or greater. For family 3, they are greater than 9, strongly suggesting homology. The score for the alignment of the Brucella transporter with fucP is 24.37, clearly showing homology. These two, and representatives of the other families were aligned and a phylogeny determined (Fig. 7) . These two form a new grouping on a branch about the same length as that for the other families.
Complementation of hisG
Plasmids pRE183 and pRE184 were transformed into E. coli strains RE518 and JC10289, both hisG. pRE184 but not pRE183 was able to complement both strains to histidine independence.
DISCUSSION
Plasmids pRE183 and 184 and subclone pRE259 all correct the inability of strain RE707 to use glucose and the inability of strain RE777 to use galactose. In addition, pRE168 restored glucose transport to strain RE707 and pRE184 restored galactose transport to strain RE777. pRE168 and 184 may give a higher rate of transport because they have the transporter gene oriented so its transcription could be driven by the vector's lac promoter, as well as the Brucella promoter. Since pRE169 and 183 also complement, the Brucella promoter must be active, though its activity may be low in E . coli. It is also possible that pRE169 and 183 carry genes that interfere with transport. Subclone pRE259 carries an ORF whose extent correlates with the ability of deletions to complement the E. coli strains. This ORF encodes a protein similar to the E. coli fucose transporter. Thus, these two plasmids encode a single transporter which has the ability to transport both glucose and galactose and may serve both functions in B. abortus. Rest & Robertson (1974) There is no evidence for any other genes involved in glucose metabolism in the area sequenced, so the genes are not clustered in Brucella as they are, for instance, in Zymomonas mobilis (Barnell et al., 1990) and Pseudomonas aeruginosa (Cuskey et al., 1985) . The B. abortus glucose/galactose transporter and the E. coli fucP transporter are similar enough to be considered homologous, and thus members of a family. From structural and functional considerations, they should belong to the MFS, but fucP was not previously considered a member because it was not clearly homologous to any other members of the MFS (Griffith et al., 1992 ; Marger & Saier, 1993) . Comparing the gluP-fucP family against the rest of the MFS gives a significance score of 7.3, using the alignment from which the phylogeny was calculated. In comparison, the other families gave scores of 6+9-7 for the same alignment. This family appears to be a little closer to family 3, the di-and tricarboxylate carriers, but the order of branching is not very well defined from the data available.
The sequence suggested that pRE184 might carry the B. abortus hisG gene, and this possibility was confirmed by its ability to complement E. coli hisG. From the orientation of the gene, it is clearly not arranged in an operon like the E. coli one, which begins with hisG at the promoter end (Winkler, 1987) .
